Introduction
In the past few decades, along with rapid industrial development and population growth, environmental pollution due to discharge of toxic substance-containing wastewater, solid waste or flue gas has been identified as a serious problem threating the sustainable development of human society. Since the pioneering report about photocatalytic oxidation of aqueous cyanide (CN -) over titanium dioxide (TiO 2 ) powder by Frank and Bard in 1977 (Frank and Bard, 1977) , semiconductor-based heterogeneous photocatalysis as an advanced oxidation process (AOP) has garnered considerable research interest among various reported techniques and has been extensively explored for
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the abatement of various organic or inorganic contaminants in water or air under artificial or natural light illumination under ambient conditions (Hoffmann et al., 1995; Chatterjee and Dasgupta, 2005; Zhang et al., 2009a; Chen et al., 2010; Chong et al., 2010; Park et al., 2013) . In 2001, Asahi et al. first revealed that both films and powders of nitrogen-doped TiO 2 exhibited high visible-light reactivity for photodegradation of aqueous methylene blue (MB) and gaseous acetaldehyde (Asahi et al., 2001 ). Since then, there have been a tremendous number of works reporting the photocatalytic degradation of pollutants and the remediation of polluted water and air (Herrmann, 2010) .
As shown in Fig. 1 , almost 400 papers about the photocatalytic degradation of pollutants were published in 2002, which was about ten times higher than in 2001. Apparently, the number of publications concerning photocatalytic degradation has increased dramatically during the past 16 years. Surprisingly, there are more than 6000 publications about the photocatalytic degradation in 2017. One main reason for this boost is the easy achievement of the photocatalytic degradation reactions, which could be generally divided into two types ( Fig. 2 ): (i) degradation of various organic pollutants (e.g., organic dyes (Lachheb et al., 2002; Amornpitoksuk and Suwanboon, 2016; Li et al., 2016b; Lu et al., 2016b) , pharmaceuticals (Kanakaraju et al., 2014; Wang et al., 2016c; Bagheri et al., 2017) , antibiotics (Chu et al., 2016; Li and Shi, 2016; Vazquez et al., 2016; Ding et al., 2017a; Yang et al., 2017a) , pesticides (Quinones et al., 2015; Cruz et al., 2017) , organic acids and aromatics (Lv et al., 2016; Meng et al., 2016; Sinirtas et al., 2016; Wang et al., 2016d; Wang et al., 2017d; Zhang et al., 2016b; Zhang et al., 2017h; Zou et al., 2017b) , and recalcitrant polyfluorinated compounds ( Zhao and Zhang, 2009; Li et al., 2012) and toxic ions Wang et al., 2017a; Zhang et al., 2017d) ) in aqueous solution and (ii) removal of gaseous pollutants (e.g., volatile organic compounds (VOCs) (Kim and Hong, 2002; Mahmoudkhani et al., 2016; Qian et al., 2016; Zhang et al., 2016c; Huang et al., 2017a; Mamaghani et al., 2017) , NO x (Ou et al., 2014; Dong et al., 2015a; Sun et al., 2015; Todorova et al., 2015; Robotti et al., 2016; Trapalis et al., 2016; Liu et al., 2017c; Papailias et al., 2017; Chen et al., 2018; Nikokavoura and Trapalis, 2018) , ammonia (Zou et al., 2017a) , acetaldehyde (Sofianou et al., 2013; Sofianou et al., 2014; Sofianou et al., 2015) , trichloroethylene (Zhang et al., 2016d) , formaldehyde (Yu et al., 2013b; Yu et al., 2005a; 2005b) and so on). Both types of photocatalytic reactions could be easily achieved in the laboratory by utilizing either photocatalyst powders or immobilization films on a support or substrate. However, industrial or pilot-scale applications of photocatalysis for environmental decontamination are still rare, due to unsatisfactory photocatalytic efficiency, selectivity and stability of the currently developed photocatalysts.
Despite the intensive research efforts and the large quantity of scientific literature devoted to environmental catalysis (Di Paola et al., 2012; Jin et al., 2017; Li et al., 2015c; Pan and Zhu, 2015; Wang et al., 2014a; Wang et al., 2014b) , there are still huge knowledge gaps that hinder the achievement of efficient and costeffective photocatalysts or their practical environmental applications, such as incomplete mechanistic understanding of heterogeneous photocatalytic degradation reactions, short lifetimes of photogenerated electron-hole pairs and the complex charge dynamics. However, previous reviews have frequently neglected and placed less emphasis on these crucial principles of photocatalytic degradation reactions. Therefore, it is of particular importance to Fig. 1 The number of publications using "photocatal*" and "degrad*" as two topic keywords since 1998. (Adapted from ISI Web of Science Core Collection, date of search: Jul. 7, 2018). exploit highly active, selective and durable earth-abundant photocatalysts and deeply understand their underlying photocatalytic degradation mechanisms. We believe that a comprehensive review with emphasis on these concerns is urgently needed, in order to further promote the design and application of semiconductor materials in environmental photocatalysis. This review paper is intended to summarize selected important topics related to the reaction mechanisms, kinetics, and charge dynamics in environmental photocatalysis. This comprehensive review cannot only highlight the major advancements in this booming research field, but also inspire new ideas for engineering semiconductor and hybrid photocatalysts for environmental applications.
Fundamentals on the photocatalytic degradation
To date, the mechanisms on the photocatalytic degradation of pollutants have been extensively investigated. On the one hand, the photo-generated electrons and holes can directly drive the reduction and oxidation degradation reactions of pollutants, respectively (Fig. 3) . On the other hand, these photo-induced electrons and holes can react with adsorbed molecular oxygen (O 2 ) and surface hydroxyl ( -OH) groups or adsorbed water to produce superoxide radical anion ($O 2 -) and hydroxyl radical ($OH), respectively, and these reactive oxygen species (ROS) could further react with organic pollutants, thus eventually achieving the mineralization of these compounds. In addition, it should be noted that the $O 2 -radical and H + could contribute to the generation of $OH radicals. Accordingly, it is believed that the generation rates of $O 2 -and $OH radicals are strongly related to the photocatalytic degradation efficiency of pollutants, which provide a new direction to boost the photocatalytic degradation of pollutants.
Desirable photocatalysts for practical environmental applications should be cost-effective, safe, stable, visible light-responsive and efficient (Fig. 4) . According to these important requirements, the potential practical photocatalysts for the degradation of pollutants could be evaluated. The stable, non-toxic and inexpensive TiO 2 is the most frequently and thoroughly investigated semiconductor in environmental applications, because it has the excellent photoactivity for both reduction of O 2 and oxidation of surface H 2 O/hydroxyl group to generate ROS, owning to its suitable energy band structure (Fig. 5) (Wen et al., 2015; Sajan et al., 2016) . Notably, zinc oxide (ZnO) exhibits similar activity for the formation of $O 2 -and $OH radicals . However, its low photostability induced by Zn 2+ release significantly restricts its extensive applications ; actually, ZnO nanoparticles (NPs) can undergo substantial dissolution even in the absence of light (Jiang and Hsu-Kim, 2014; Jiang et al., 2015) . In the last decade, the environmentally benign graphitic carbon nitride (g-C 3 N 4 ) nanomaterials have been widely recognized as a promising family of next generation semiconductors for visible-light-driven photocataly- Xin Li et al. Review on design and evaluation of environmental photocatalystssis, owing to the unique two-dimensional (2D) structure, tunable electronic properties, and excellent chemical stability Chai et al., 2017; Fu et al., 2017a; Wen et al., 2017; Zhang et al., 2017f; Zhu et al., 2017a; Zhu et al., 2018) . However, it should be noted that the photo-generated holes in g-C 3 N 4 cannot drive the oxidation of surface H 2 O/OH groups to $OH radicals, and any $OH radicals generated by g-C 3 N 4 are the result of further transformation of the $O 2 -radicals (Wen et al., 2017) . In addition, it should be pointed out that some visible-light-driven semiconductors with high valence band (VB) potentials, such as tungsten oxide (WO 3 ), bismuth vanadate (BiVO 4 ) and bismuth tungstate (Bi 2 WO 6 ), have excellent abilities for the oxidation of surface H 2 O/OH groups to $OH radicals, suggesting their potential applications in environmental remediation (He et al., 2014b; Kumar and Rao, 2017) . Particularly, the visible light-responsive Bi-based photocatalysts are appealing for the application of environmental photocatalysis (He et al., 2014b; . In contrast, the applications of cadmium sulfide (CdS), zinc-cadmium sulfide (Zn x Cd 1-x S) and silver (Ag)-based semiconductors in environmental remediation are not encouraged due to the toxicity of Cd, high cost of Ag and their low stability (Li et al., 2015c; 2015d; Yang et al., 2017b) . Accordingly, it is clear that the thorough identification of ROS generation should be paid more attention in the investigations of photocatalytic environmental remediation.
In general, thermodynamically downhill (Gibbs free energy change DG < 0) photocatalysis is merely accelerated by the ROS induced by excited photocatalysts under light illumination (Fig. 6a) Osterloh, 2017) . In contrast, the thermodynamically unfavorable (DG>0) photosynthesis, an uphill reaction, is mainly driven by photo-generated electrons and holes with relatively high redox potentials (Fig. 6b) , which must be satisfied by the suitable conduction band (CB) and VB positions (Kudo and Miseki, 2009; Osterloh, 2017) . At this point, it is clear that the photocatalytic degradation is thermodynamically much easier than the challenging artificial photosynthesis processes, e.g., photocatalytic hydrogen (H 2 ) evolution from water splitting or carbon dioxide (CO 2 ) reduction for production of hydrocarbon fuels. Therefore, for boosting the photocatalytic degradation reactions, recent research efforts have been devoted to improving the kinetics of photocatalytic reactions, instead of meeting the thermodynamic requirements (Kumar and Rao, 2017) .
To date, the kinetic processes of photocatalysis have been thoroughly investigated (Fig. 7) , including (1) the light harvesting kinetics; (2) the separation kinetics of photo-generated electron-hole pairs; (3) the bulk charge migration and transport of photo-generated electron-hole pairs; (4) the surface charge utilization kinetics for the reduction and oxidation of adsorbed reactants initiated by highly reactive electrons and holes, respectively. Due to the complex kinetics, bulk semiconductors commonly exhibit poor activity and stability to completely decompose the organic and inorganic contaminants. Many factors, such as light absorption, charge recombination dynamics, interfacial charge transfer kinetics, surface structure and charge, and adsorption and photodegradation kinetics of photocatalysts, ROS and O 2 reduction properties, play crucial roles in determining the overall photocatalytic degradation efficiency, all of which should be comprehensively considered for designing and optimizing environmental photocatalysts (Hoffmann et al., 1995) . Accordingly, to effectively enhance the photocatalytic efficiency for durable degradation, a great number of semiconductor modification strategies have been exploited (Fig. 8) , such as creating semiconductor heterojunctions (type II and multicomponent heterojunctions, and homojunctions) (Sinirtas et al., 2016; Li et al., 2017b; Liu et al., 2017b; Low et al., 2017b; Sun et al., 2017; Zou et al., 2017b) , constructing Schottky junctions or loading cocatalysts (coupling with metal NPs and carbon nanomaterials) (Xiang et al., 2012; Li et al., 2016d; Han et al., 2017; Li et al., 2018; Yu et al., 2017; Zhang et al., 2017a; 2017g) , fabricating unique nanostructures (hollow, one-dimensional (1D) nanorods/nanowires, 2D nnanosheets and three-dimensional (3D) hierarchical structures) He et al., 2016b; Li et al., 2016c; Sajan et al., 2016; Chen et al., 2017a; Liang et al., 2017; Zhang et al., 2017b; , loading suitable supports (activated carbon, Nafion, alumina (Al 2 O 3 ) and silica) Dong et al., 2016; Ooi et al., 2016; Phanichphant et al., 2016; Wang et al., 2016a; Momeni et al., 2017; Nadrah et al., 2017; Wang et al., 2017c; Zheng et al., 2017) and designing the direct Z-scheme systems (Zhou et al., 2014a; Cui et al., 2017; Fu et al., 2017b; Li et al., 2017c; Low et al., 2017a; Qi et al., 2017a; Tang et al., 2017a; Wang et al., 2017b; Wu et al., 2017b; Zhu et al., 2017b; Xia et al., 2018) . Moreover, a combination of the different strategies seems to be very promising for heterogeneous photocatalytic degradation of pollutants , due to the simultaneously boosted light absorption, reactant adsorption, charge transport and separation and surface catalysis. In this review, more attention will be paid 3 Charge carrier dynamics for the photocatalytic degradation
According to the discussion in Section 2, microscopic charge carrier dynamics in any photocatalyst, including the charge generation, recombination, separation and transfer, are crucial for determining the photocatalytic performance.
To rationally design and construct more active and stable photocatalysts, it is of fundamental importance to deeply investigate the underlying charge carrier dynamics in the semiconductor photocatalysts, which could tune the probability of charge carriers to drive the desired redox reactions, thus significantly boosting the activity of photocatalysts (Zhang et al., 2015a Typically, the time-resolved transient PL spectroscopy has been demonstrated to be a powerful tool to estimate the lifetimes of charge carriers. As a typical example, Hsu and coworkers for the first time investigated the roles of the interfacial charge carrier dynamics for core-shell Au-CdS nanocrystals with various shell thicknesses in determining the photodegradation of rhodamine B (RhB) under visible light illumination (Yang et al., 2010) . The emission decay lifetimes of Au-CdS nanocrystals decreased with increasing shell thickness from 14.0 nm to 18.6 nm, indicating a much more significant electronic interaction between CdS and Au ( Fig. 9a and 9b) . Importantly, the photocatalytic activity of Au-CdS nanocrystals was also shown to increase with increasing shell thickness, due to the greatly enhanced light absorption (Fig. 9c) . As a result, the electron-transfer rate constant variation is in good agreement with the rate constant of RhB photodegradation with increasing shell thickness (Fig. 9d) . Similarly, the highest photocatalytic activity was generally found to be ascribed to the largest electron transfer rate constant measured in carrier dynamics between metals and various semicondcutors, including the nonepitaxial Au/CdS core/shell nanocrystals (Lambright et al., 2014) , Au/BiVO 4 interface (Van et al., 2015) , metal-decorated ZnO nanocrystals (Lin et al., 2016) and Au/ZnSe center dot 0.5N 2 H 4 nanowires hybrid nanostructures (Chen et al., 2015b) . Moreover, the same group further investigated the interfacial charge carrier dynamics of the three-component semiconductorsemiconductor -metal heterojunction systems for the photodegradation of methylene blue (denoted as MB) under UV illumination (Chen et al., 2012) . Compared with the bare In 2 O 3 sample, the decreasing decay times in timeresolved photoluminescence spectra quantitatively confirmed that the electron transfer rates between In 2 O 3 and TiO 2 for In 2 O 3 -TiO 2 NBs and its dependence on Pt deposition were significantly enhanced due to the formation of heterojunction or Schottky junction (Figs. 10a and 10b). The increased apparent electron-scavenging rate constants are fundamentally consistent with the rate constant of MB photodegradation over the In 2 O 3 -TiO 2 -Pt NBs with different Pt contents (Figs. 10c and 10d), indicating the roles of the overall charge separation efficiency in boosting the photocatalytic activity. Similar conclusions could be drawn for Na x H 2-x Ti 3 O 7 -Au-Cu 2 O Z-scheme nanoheterostructures (Pu et al., 2015) and Au@Cu 7 S 4 yolk@shell nanocrystal-decorated TiO 2 nanowires (Chiu and Hsu, 2017) . In addition, the interfacial charge carrier dynamics results for type-II semiconductor nanoheterostructures (CdS nanowires/CdSnO 3 (Lin and Hsu, 2013) and ZnSe-ZnO (Chen and Hsu, 2013) ) and semiconductor-graphene composites (Cu 2 O-rGO (Pu et al., 2017) and ZnO-rGO (Chen et al., 2015a) ) are demonstrated to be in good accordance with that of photoconversion performance evaluation in dye photodegradation. More interestingly, Zhang et al. constructed tin (IV) sulfide (SnS 2 ) hexagonal nanosheets/g-C 3 N 4 2D/2D hybrid heterojunctions with remarkably boosted photodegradation activity of organic dyes and phenol under visible light (Zhang et al., 2015c) . The steady-state PL spectrum of the SnS 2 /g-C 3 N 4 heterojunctions displayed substantial PL quenching as compared with pure g-C 3 N 4 ( Fig. 11a) , indicating that the coupling of SnS 2 nanosheets could markedly hinder the electron-hole recombination in g-C 3 N 4 nanosheets, due to the significantly improved interfacial charge transfer process. More interestingly, the time-resolved transient PL spectroscopy (Figs. 11b and 11c) provided further evidence about the charge separation kinetics. The fluorescence decay curves fitted by triexponential kinetics showed that the fluorescence emissions by the SnS 2 /g-C 3 N 4 nanocomposite exhibited the shorter lifetimes than those of g-C 3 N 4 nanosheets, implying the presence of a nonradioactive pathway in the interface region between g-C 3 N 4 and SnS 2 nanosheets. The strong electronic coupling interaction in the SnS 2 /g-C 3 N 4 nanoheterojunctions thus boosted interfacial charge transfer and separation during the photocatalytic reactions ( Fig.  11d) , which is beneficial for improving the photodegradation activity. In a word, optimizing the interfacial charge carrier dynamics should be a promising strategy to rationally design various semiconductor-based composite photocatalysts for the practical photodegradation applications.
The open-circuit potential (photovoltage) decay measurement in both N 2 -and O 2 -saturated solutions is another useful technique used to reveal the electron accumulation within the semiconductor nanoclusters (Vinodgopal et al., 1996) . As observed in Figs. 12(a -c), in O 2 -saturated solutions, more rapid photovoltage decays of TiO 2 films on the optically transparent electrodes (OTE) plate were observed due to the O 2 reduction reaction, whereas the tin (IV) oxide (SnO 2 ) and SnO 2 /TiO 2 composite films exhibited much slower photovoltage decays, suggesting that the presence of SnO 2 can greatly hinder the scavenging of electrons by O 2 , due to the fast transfer of electrons to the SnO 2 nanocrystallites. It is clearly observed from Fig. 12d that the composite systems exhibit more rapid degradation of a textile azo dye naphthol blue black (NBB) than the single-component TiO 2 or SnO 2 . The fastest rates could be achieved when the mass ratio (SnO 2 / TiO 2 ) is larger than 2:1. Clearly, the observed kinetic decay rates (Fig. 12d) show a significant correlation with difference in photodegradation. Accordingly, the opencircuit potential decay technique deserves more attention in studies of environmental photocatalysis.
As is well known, the transient photovoltage (TPV) response could also be employed to reveal the fundamental transfer direction and lifetimes of excess charge carriers in a photo-excited semiconductor (Fan et al., 2012) . In general, a positive or negative TPV response presents the transport of excess positive or negative charges, respectively, from the bulk interior to the surface. As observed in Fig. 13a , the negative TPV signal for the BiVO 4 -A sample suggests that photo-induced electron in BiVO 4 -A is the major type of charge carrier that moves to the surface, whereas the positive signals of the BiVO 4 -B and BiVO 4 -C samples indicate that photo-induced holes migrate toward the surface of these two samples. Moreover, the time of the maxima (t max ) of the TPV follows the order: BiVO 4 -C>BiVO 4 -B>BiVO 4 -A, indicating the much longer lifetime of charge carriers in the monoclinic scheelite BiVO 4 -C and hetero-phase BiVO 4 -B than the tetragonal zircon BiVO 4 -A. The calculated visible-light MB degradation rate constants are 3.63 Â 10 -3 , 7.9 Â 10 -4 and 4.7 Â 10 -4 min -1 for BiVO 4 -C, BiVO 4 -B, and BiVO 4 -A, respectively (Fig. 13b) , consistent with the TPV results, suggesting that the photo-induced oxidation mechanism of MB is driven by surface holes for the BiVO 4 photocatalysts. This new technique could address the migration direction of photoinduced charge carriers, which could provide deeper insight into the mechanisms for enhancement in photocatalytic activity.
Besides the common oxidization degradation mechanism of the organic pollutants by various ROS (e.g., $OH and $O 2 -), the dye photosensitization process is also widely use to explain the photocatalytic degradation of dyes. In this regard, the charge transfer/separation kinetics between dyes and semiconductor/cocatalyst should be paid more attention to design highly efficient photocatalytic degradation systems. Organic dyes could be photoexcited by visible light and generate electron-hole pairs. As displayed in Fig. 14, the energy levels of the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of Rhodamine B (RhB), methyl orange (MO) and MB dyes indicate that their photo-generated electrons are also capable of reducing O 2 to $O 2 - (Li et al., 2015d) . However, their photo-generated holes cannot drive the oxidation of H 2 O to $OH radicals, due to the un-matched HOMO levels. Instead, the dyes could further transfer their electrons to the semiconductor or cocatalysts with matching energy level, thus leading to the self-degradation and ROS-driven degradation of the dyes. In this case, the electron transfer and trapping kinetics should be carefully evaluated. For instance, Zhang and coworkers pillared reduced graphene oxide (RGO) platelets by single-walled carbon nanotube (CNT) via a chemical vapor deposition (CVD) method to construct 3D RGO-CNT composites for visible-light photocatalytic degradation of RhB dye in water . The as-prepared RGO-CNT exhibits much higher photodegradation activity than TiO 2 (P25) (Fig. 15a) . Apparently, the dye photosensitization process could be responsible for the degradation of RhB over RGO-CNT. In detail, RhB could be first photoexcited by visible light irradiation, resulting in the formation of RhB*. Then, the excited RhB* will transfer the electrons to RGO and then to CNT and Ni substrate because of their matched energy levels, as schematically displayed in Fig. 15b . Such multi-step electron transfer can effectively promote the separation of charge carriers and production of various ROS and RhB$ + radicals, finally achieving the degradation of the RhB$ + by itself and/or by the ROS. Besides the charge transfer between photoexcited dyes, Xu et al. demonstrated that multi-step charge transfer between dyes and photo-excited/unexcited semiconductors could also be the mechanism responsible for enhanced photocatalytic degradation (Fig. 16 ).
Selectivity and stability of semiconductors for photodegradation
Although heterogeneous photocatalysis has recently proved to be a highly selective process for organic synthesis through rationally designing the photocatalysts and optimizing the reaction conditions (e.g., by utilizing proper radical scavengers and solvents) (Zhang et al., 2015a) , the selectivity in most photocatalytic degradation reactions is yet to be improved, because these reactions typically involve $OH radicals, which could unselectively decompose inorganic and organic reactants to H 2 O, CO 2 , small molecules and salts (Xiang et al., 2011) . More importantly, for the practical separation processes, it is crucial for achieving the highly selective oxidation of targeted organics to desired products from a mixture (Liu et al., 2012; Zhou et al., 2014b) . Recently, Yu and coworkers prepared hierarchically flower-like TiO 2 microsphere films on the Ti foil in a dilute hydrofluoric acid (HF) aqueous (Vinodgopal et al., 1996) . solution via a hydrothermal method (Figs. 17a and 17b ) (Xiang et al., 2011) . The resulting TiO 2 could achieve selective photocatalytic degradation of pollutants through varying surface charge (e.g., by adjusting the pH of aqueous solution), the exposed reactive facets and their etching degree (Figs. 17c and 17d) (Liu et al., 2010; Xiang et al., 2011) . They found that the fluorinated and hydroxylated hollow TiO 2 microspheres with positive and negative surface charges are favorable for the photocatalytic decomposition of negatively charged MO and positively charged MB, respectively (Liu et al., 2010) . The promoted selective adsorption of MB molecules on the re-hydroxylated surface is believed to be the main reason for the selected decomposition of this azo dye.
Besides tuning the surface charge properties of TiO 2 , coupling TiO 2 with the graphene (Figs. 18(a-c) ) is also beneficial for the efficient separation of photogenerated electrons from TiO 2 to the graphene moiety with metallic characters, thus prolonging the lifetime of electron-hole pairs (Fig. 18d) . This promoted charge separation, together with enhanced reactant adsorption, lead to the significantly boosted photocatalytic reactivity of the TiO 2 -graphene nanocomposites. However, it should be noted that high graphene loading could promote the adsorption of MO or MB (Figs. 18e and f) on TiO 2 -graphene nanocomposites, and suppress the competitive adsorption of water (hole scavenger) or O 2 (electron scavenger). As a result, at higher graphene loading, the electron transfer to O 2 is retarded, which may apparently suppress the photocatalytic reactions predominantly driven by $O 2 -(in the case of MO), but steadily enhance the photodegradation reactions predominantly initiated by holes or $OH (in the case of MB) due to the greatly improved dye adsorption and charge separation. Therefore, the photocatalytic selectivity of TiO 2 could be achieved through synergistically controlling the graphene-mediated reactant adsorption, charge separation, exposed facets and surface charge. In addition, a surface molecular imprinting technique has been found to be an effective strategy to achieve the shapeselective photocatalysis (Shen et al., 2008 ; He et al., (Xu et al., 2015b) . Fig. 17 (a,b) Scanning electron microscopy images of the TiO 2 films composed of flower-like TiO 2 microspheres with exposed (001) facets prepared by hydrothermal treatment of Ti foil at 180°C for 1 h; (c) Schematic illustration for the selective adsorption of pollutants on the TiO 2 surface; (d) Photocatalytic degradation activity and selectivity toward different adsorbates of the TiO 2 films prepared at 180°C for 1 h before (T1-F) and after NaOH washing (T1-OH) (Xiang et al., 2011) . 2014a; Xu et al., 2014; Zhu et al., 2015; Lai et al., 2016; Liu et al., 2016; Lu et al., 2016c; Wang et al., 2016e) , which deserves more attention in future studies.
Thus far, the photocorrosion of semiconductor during the photocatalytic water splitting and H 2 evolution have been emphasized in many studies. Nevertheless, this photostability issue has not been exclusively investigated in the photocatalytic degradation processes, despite the fact that most of visible-light photocatalysts are unstable during photocatalytic processes. It is common practice to conduct cycling photodegradation experiments to test the photostability of semiconductors, which may be insufficient for determining their durability in practical applications. On the other hand, strategies to effectively inhibit the photocorrosion of semiconductors should be paid more attention in future studies. Toward this end, Zhu and coworkers developed an interesting strategy of in situ surface hybridization by coupling unstable semiconductors to carbon materials with few layers of conjugated π structure, such as polyaniline (Zhang et al., 2009b; Zhang and Zhu, 2010; Wang et al., 2011c) , C 60 fullerene (Zhu et al., 2007; Fu et al., 2008) , g-C 3 N 4 Wang et al., 2011b) , graphene-like (Wang et al., 2010; Zhou et al., 2011; Bai et al., 2013) and graphite-like carbon (Zhang et al., 2008; Wang et al., 2011a) , which cannot only significantly boost their photodegradation activity but also effectively inhibit photocorrosion. The reason for this enhanced performance is the passivation of semiconductor surface and improved separation of photo-induced charge carriers due to the strong electronic coupling interactions between conjugated π systems and the CB of semiconductors. For example, the hybridization of monolayer polyaniline and CdS photocatalysts could dramatically boost their visible-light photocatalytic activity toward degradation of MB and excellent anti-photocorrosion performance (Zhang and Zhu, 2010) . It is proposed that the formation of type II heterojunction between polyaniline and CdS could induce the rapid transfer of photogenerated holes in the VB of CdS to the HOMO of polyaniline, and the accumulation of separated electrons in CdS, thus leading to the dramatically enhanced photocatalytic activity and completely inhibited photocorrosion. Similarly, the C 60 -hybridized ZnO photocatalyst exhibited enhanced photocatalytic activity and photostability for the degradation of the organic dyes . The coverage of C 60 molecules on the surface of ZnO NPs plays an important roles in the enhancement of photocatalytic activity and stability. Additionally, the coating of TiO 2 or carbon on different semiconductors could also be an efficient strategy to suppress their photo-oxidative corrosion and enhance the surface adsorption of reactants He et al., 2017a; Shi et al., 2017) . Future research in environmental photocatalysis should give priority to modification strategies for boosting the photostability of semiconductors, especially for visible light-responsive semiconductors.
Adsorption and photodegradation kinetics of reactants
Besides the selectivity and stability of photocatalysts, the adsorption capacity of a given semiconductor toward reactants also plays crucial roles in determining its photocatalytic performance. The pseudo-first-order and pseudo-second-order equations are the two most widely utilized models to fit the adsorption kinetic data. The pseudo-first-order model and its linearized form can be described as follows :
lnðq e -q t Þ ¼ lnq e -k 1 t:
The pseudo-second-order model can be expressed as follows:
where k 1 and k 2 are the pseudo-first-order and pseudosecond-order rate constants for the adsorption process, respectively; q t is the amount of adsorbate adsorbed at various time t, and q e is the equilibrium adsorption capacity. In addition, for the film photocatalysts, the intra-particle diffusion should be the rate-controlling step, and the corresponding intra-particle diffusion model can be expressed by the following equation (Kamal et al., 2016) :
where k w represents the rate constant for intra-particle diffusion, t is the contact time, and C i denotes the intercept, indicating whether the rate-limiting step is intra-particle diffusion (C = 0) or not (Rounds and Pankow, 1990; Ball and Roberts, 1991; Rounds et al., 1993; Wu et al., 2009 ; 
Kamal et al., 2016 ).
For example, in the previous report, it was found, from adsorption kinetics of MB on different photocatalysts (Fig. 19) , that the loading of GC or BC can significantly boost the adsorption rate and the maximum adsorption capacity of MB on the composite photocatalysts, in comparison with those of the pure TiO 2 and P25. The calculated parameters in Table 1 further confirmed that the adsorption kinetics of MB over all GC or BC modified TiO 2 photocatalysts could be better fitted by the pseudofirst-order model, suggesting the presence of physical adsorption in these systems. The microstructure and textural properties of photocatalysts have profound influence on the adsorption performance of photocatalysts. Increasing the specific surface area, pore volume and pore diameters of composite photocatalysts is usually beneficial for boosting their adsorption and photocatalytic activities. Constructing hierarchical pore structures is another effective strategy to achieve these purposes. If possible, it is suggested that the adsorption kinetics and isotherms of reactants on the photocatalysts should be carefully investigated in the future studies, which could provide the necessary information for rationally designing and optimizing the photocatalysts.
Apart from the adsorption kinetics, it is known that the photodegradation kinetic curves of organics generally follow a Langmuir-Hinshelwood apparent first-order kinetics model, as described by the following expression :
where r is the degradation rate of the reactant (e.g., in unit of mg/L/min), C is the concentration of the reactant (mg/ L), t is the light irradiation time, k is the reaction rate constant (mg/L/min), and K is the adsorption coefficient of reactant (L/mg). When the initial concentration (C 0 ) was very low (e.g., C 0 = 30 mg/L), Eq. (7) can be simplified to an apparent first-order model:
where k a is the apparent first-order rate constant. For comparison purposes, the rate constants can be obtained from the slope of linear fitting. In addition, it is noted that a change in the volume of the reaction mixture during photodegradation experiments has no obvious influence on the measured degradation kinetics or estimated reaction rate constant k fitted by an apparent first-order model (Pirard et al., 2014) , especially when the photocatalyst is in powder form well dispersed in the reaction mixture. Even when the photocatalyst is applied in the form of a film, the effects of reaction volume change may have negligible effects on the measured degradation kinetics. As shown in Fig. 20a , at the low concentration of reactants, the photocatalyst dosage has limited effect on the photocatalytic degradation kinetics. However, the volume variation might affect the amount ratio between pollutant and photocatalyst film coated on a solid substrate, thus leading to the change of the reaction rate constant estimated by a kinetic model. Consequently, to obtain the accurate reaction rate constant, both the sampling flow rate and the variation of the volume inside the reactor must be thoroughly considered in the mathematical model (Pirard et al., 2014) . In a word, the effects of all operating parameters , such as solution pH (Fig. 20b) , photocatalyst dosage, pollutant concentration and temperature, on the degradation kinetics should be carefully investigated to obtain the optimized conditions for practical photocatlytic applications.
Investigation of O 2 -reduction properties
During the photocatalytic process, $O 2 -radicals could be generated by the CB electron-driven reduction of dissolved O 2 in water. Generally, the oxidation ability of $O 2 -/ hydroperoxyl ($O 2 H) radicals is much weaker than that of VB hole and $OH radical (Park et al., 2016) , though these weaker radicals generally have longer lifetime than the highly oxidative species. Thus, the $O 2 -/$O 2 H radicals, as an important oxidant in some cases, can play important roles in boosting the photocatalytic degradation activity. Typically, the construction of phosphate groups or phosphate-oxygen functional bridges on the surface of semiconductors is the simplest strategy to improve their O 2 reduction, ROS generation and photostability Huang et al., 2017b; Liu et al., 2017a) . Furthermore, noble metal NPs, such as platinum (Pt), palladium (Pd), gold (Au) and Ag, could be used as cocatalysts to boost the O 2 reduction over different semiconductors Zeng et al., 2017) . Strikingly, the deposition of Pt NPs on WO 3 is known to facilitate the multi-electron reduction of O 2 , instead of the one-electron reduction of O 2 , and promote the production of $OH radical from the reductive decomposition of hydrogen peroxide (H 2 O 2 ) originating from the reduction of O 2 under visible light (Abe et al., 2008; . Besides noble metals, earth-abundant Bi NPs have been demonstrated to be O 2 -reduction cocatalysts (Dong et al., 2015b; Li et al., 2017d) . For example, Dong et al. constructed plasmonic Bi nanospheres on the surface of g-C 3 N 4 (Dong et al., 2015b) , which could act as cocatalysts to improve the O 2 reduction, charge separation and light harvesting, owing to the surface plasmon resonance (SPR) and electron trapping effects of Bi nanospheres, thus achieving highly boosted visible-light photocatalytic activity and stability toward NO x purification compared to pristine g-C 3 N 4 . The simulation with a rigorous Maxwell's solver based on the finite integration techniques could clearly reveal the significant enhancement of electromagnetic field under visible light due to the SPR effects of Bi (Fig. 21a) . Fig. 21b displays the proposed mechanism for photocatalytic NO x purification over Bi spheres/g-C 3 N 4 under visible-light illumination. This study highlights the important potential application of non-noble metal Bi as plasmonic cocatalysts in boosting the O 2 reduction and photocatalytic degradation efficiency of NO x over g-C 3 N 4 .
More interestingly, the semiconducting or semi-metallic graphene oxide (GO) could also be employed as O 2 -reduction cocatalysts to boost the charge separation and photocatalytic degradation of pollutants. For instance, Xu et al. successfully prepared the GO/Ag 2 CrO 4 composite photocatalysts (Fig. 22a) , which showed excellent visiblelight photocatalytic degradation activity and stability toward the dyes and phenol in aqueous solution . The 1.0 wt% GO-loaded silver chromate . (Ag 2 CrO 4 ) particles could achieve a 3.5-fold enhancement in the photocatalytic degradation activity (as shown in Fig. 22b ). It is proposed that the formation of GO/Ag 2 CrO 4 Z-scheme heterojunction can significantly improve the separation and transfer of the photogenerated charge carriers, O 2 reduction and pollutant oxidation ability (as shown in Fig. 22c ). More importantly, the transfer of photogenerated electrons from the CB of Ag 2 CrO 4 to VB of GO could inhibit the high photocorrosion of Ag 2 CrO 4 driven by electron reduction. This study indicated that the semiconducting GO could play multi-functional roles in boosting the photocatalytic degradation. Notably, besides the improved O 2 reduction ability, the GO catalysts could also boost the photostability of semiconductors with strong photocorrision (Fig. 23) (Song et al., 2016) . More interestingly, trace amounts of nitrogen-doped carbon quantum dots (N-CQDs) were found to greatly boost the photocatalytic activity and stability of silver carbonate (Ag 2 CO 3 ) toward degradation of phenol ( Fig. 24a and b ) . It is believed that the synergistic effect of the improvement in morphology, charge transfer rate and O 2 reduction rate thus lead to the superior photocatalytic performance of N-CQDs/Ag 2 CO 3 (Fig. 24c) . In future, it is expected that various carbon nanomaterials, especially those with N-doping, should have promising applications in coupling with other semiconductors for photodegradation (He et al., 2015; Thirugnanam et al., 2017) .
Additionally, it should be pointed out that the combination of all above O 2 -reduction cocatalysts should be an appealing strategy to boost the photocatalytic activity for pollutants. However, so far, the mechanisms behind the boosted O 2 -reduction activity lack sufficient verifications. In this regards, it is expected that the oxygen reduction reaction (ORR) polarization plots over semiconductor electrodes under light irradiation and in the dark (as shown in Fig. 25 ) should be carefully investigated to provide more direct evidence for the promoted O 2 reduction during the photocatalytic degradation processes.
Identification of reactive oxidation species and key intermediates
The identification of the short-lived ROS and key intermediates is crucial for proposing the detailed photo- Fig. 22 (a) TEM image of 1 wt% GO/Ag 2 CrO 4 ; (b) The comparison of visible-light rate constants for MB degradation over the Gx/ Ag 2 CrO 4 samples (x represents the theoretical weight ratios of GO to Ag 2 CrO 4 (x = 0, 0.5, 0.75, 1, 2 and 3); (c) Z-scheme charge separation and photocatalytic degradation mechanism for GO/Ag 2 CrO 4 composite photocatalysts . catalytic degradation mechanisms. Typically, the common ROS (i.e., $OH and superoxide ($O 2 -) radicals and singlet oxygen molecule ( 1 O 2 ) (Nosaka et al., 2004; Jańczyk et al., 2006; Villen et al., 2006) ) involved in photocatalytic reactions could be measured by electron paramagnetic/spin resonance (EPR or ESR) spectroscopy. Interestingly, the formation and behavior of singlet molecular oxygen in excited TiO 2 photocatalysts could be monitored by its near-infrared phosphorescence and single-molecule, single-particle fluorescence spectroscopy (Daimon and Nosaka, 2007; Tachikawa and Majima, 2010) . To perform the EPR measurement, the radicals first need to be spintrapped, most commonly using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trapping agent. For example, N 4 on structured Al 2 O 3 ceramic foam for the photocatalytic decomposition of nitrous oxide (NO) in air (Fig. 26a) . The DMPO spin-trapping EPR measurements for DMPO-$O 2 -in methanol suspension (Fig. 26b) and DMPO-$OH in aqueous suspension (Fig. 26c) indicated that $O 2 -radicals and photo-induced holes played important roles in the photocatalytic oxidation of NO, while $OH radicals did not. Fig. 26d shows the schematic illustration for Lewis acid properties of Al atoms accepting the lone electron pairs of the N atoms in g-C 3 N 4 , which creates coordination bonding between Al 2 O 3 foam and g-C 3 N 4 , thus ultimately resulting in the extremely firm interfaces between g-C 3 N 4 and Al 2 O 3 .
Besides EPR spectra, photoluminescence assisted with radical probes can also be used for the determination of radicals in photocatalytic reactions. For example, Yu and coworkers successfully constructed the g-C 3 N 4 /TiO 2 composite photocatalysts with intimate interfacial contact by a facile calcination route for photocatalytic oxidation of formaldehyde (HCHO) in air (Yu et al., 2013b) . The photocatalytic activity of the optimized g-C 3 N 4 /TiO 2 composite (with 100% weight percentage ratio of urea against P25 in the synthesis precursor) for HCHO decomposition was 2.1 times higher than that of pure P25 (see Fig. 27a ). To elucidate the photocatalytic mechanism, $OH radicals were detected on the surface of UV-illuminated samples by the PL method using terephthalic acid (TA) as a probe molecule, as shown in Fig. 27b . Clearly, no PL signal of $OH was observed on irradiation of pure g-C 3 N 4 , whereas a gradually increasing PL intensity of $OH radicals at about 425 nm was observed with increasing irradiation time for all the g-C 3 N 4 /TiO 2 composites. More importantly, the order of PL intensity for $OH is in good agreement with the order of photocatalytic activity ( Fig. 27a and 27b) , indicating that the $OH radicals are the dominant ROS for HCHO decomposition. Considering the VB potential of g-C 3 N 4 in comparison with the redox potential of the H 2 O/$OH couple, it is clear that $OH cannot be generated from the oxidation of adsorbed water molecules (or surface hydroxyl groups) driven by the holes in the VB of g-C 3 N 4 , due to the insufficient oxidation ability (Fig. 27c and 27d) . Therefore, according to the above photocatalytic activity and $OH radical measurement experiments, it can be concluded that a direct Z-scheme charge separation mechanism without an electron mediator can be proposed to well explain the greatly boosted photocatalytic degradation activity of the g-C 3 N 4 /TiO 2 composites, instead of the conventional heterojunction mechanism (Fig. 27d) . In this end, the determination of radicals has been extensively utilized as strong evidences to confirm the Z-scheme mechanism (He et al., 2017b; Tang et al., 2017a; Wu et al., 2017b; He et al., 2018) .
Apart from the ex situ and in situ detection of radicals, another commonly adopted strategy is the reactive species quenching (or sometimes referred to as radical trapping) experiments, which could be utilized to evaluate the importance of ROS and other reactive species (e.g., photogenerated holes and electrons) in the photocatalytic oxidation reactions, by using several different scavengers. Typically, isopropanol (IPA) and tert-butyl alcohol (TBA) are used as scavengers of $OH radical (He et al., 2018; Ma et al., 2018) , while p-benzoquinone (BQ) and 2,2,6,6-tetramethyl-4-piperidinol (TMP-OH)/furfuryl alcohol/Lhistidine/azide (Fotiou et al., 2016; Konaka et al., 2001; Nosaka et al., 2004; Rodriguez et al., 2015; Silva et al., 2010b; Villen et al., 2006; Yu et al., 2013a) are usually used to quench $O 2 -radical and singlet oxygen molecule, respectively. Ammonium oxalate (AO), triethanolamine (TEOA) and disodium ethylenediamine tetraaceticacid (Na 2 -EDTA) have been used as scavengers of photogenerated holes (He et al., 2018; Ma et al., 2018) . Commonly, the detection of $OH and $O 2 -radicals by various scavengers has been extensively recognized and applied in the photodegradation of organics. As an example, Chen and coworkers used the radical trapping experiments to reveal the detailed separation mechanisms of photoinduced charge carriers for composite photocatalysts WO 3 /g-C 3 N 4 . Fig. 28a shows the radical trapping experiments on the photocatalytic degradation of MB and basic fuchsin (BF) dyes over 5.0 wt% WO 3 /g-C 3 N 4 . For the blank test without any scavenger, the degradation efficiencies of BF and MB were measured to be 75.6% and 87.9%, respectively, whereas the addition of scavengers decreased the degradation efficiency to different degrees. Clearly, among three scavengers employed, the addition of BQ could lead to the most significant decrease in degradation efficiencies, indicating that the $O 2 -is the most prominent reactive species for the degradation of MB and BF. Based on the results, the contributions of the three main reactive species to the photocatalytic efficiencies followed the order: $O 2 ->$OH>h + . Considering the band structure of WO 3 and g-C 3 N 4 , two separation processes of photo-induced electrons and holes were proposed and displayed in Figs. 28b and 28c. It was readily concluded that the heterojunction charge separation mechanism shown in Fig. 28b cannot support the favorable formation of the $O 2 -and $OH active species. In contrast, the direct Z-scheme charge transfer/separation mechanism in Fig. 28c could achieve the rapid recombination of the photogenerated holes in the VB of g-C 3 N 4 and the photoinduced electrons in the CB of WO 3 . As a result, the electrons with a higher reduction potential in the CB of g-C 3 N 4 could promote the generation of $O 2 -from molecular O 2 , while the holes with a stronger oxidation potential in the VB of WO 3 could favor the formation of more active $OH species. Thus, the radical trapping experiments in this study clearly confirmed the favorable Z-Scheme charge separation mechanism for the photodegradation.
However, in comparison with the $O 2 -and $OH radicals, the significant roles of singlet oxygen [ 1 O 2 (1Dg)] in boosting the photocatalytic oxidation degradation reactions, especially under visible light, was generally neglected, which should be also paid more attention in future studies (Raja et al., 2005; Shinohara et al., 2006; Daimon et al., 2008 and ZnTcPc, g-C 3 N 4 /ZnTcPc catalyst exhibits much higher visible-light photoactivity over a wide pH range (Fig. 29a) . Radical trapping (Fig. 29b) and EPR (Fig. 29c) experiments clearly confirmed that the photo-generated holes, singlet oxygen ( 1 O 2 ), superoxide radical ($O 2 -) and hydroxyl radical ($OH) are the possible reactive oxidation (Fig. 30a ), e -( Fig. 30b ) and $OH, $O 2 -using the the 4-oxo-TEMP, TEMPO, DMPO and DMPO/DMSO, respectively (Zhao et al., 2017) . The results confirmed that ZnO-SiO 2 exhibited much more activity for generating singlet oxygen than Fe 2 O 3 -SiO 2 and CuO-SiO 2 ., while CuO-SiO 2 was more effective to produce hydroxyl radical and electrons than Fe 2 O 3 -SiO 2 and ZnO-SiO 2 ( Fig. 30a and b) . Meanwhile, it was demonstrated that CuO-SiO 2 exhibited the highest photocatalytic activity to degradation of bisphenol A, followed by Fe 2 O 3 -SiO 2 and ZnO-SiO 2 (Fig. 30c) . Clearly, the differences in the energy band distributions of CuO, Fe 2 O 3 and ZnO lead to the different formation amounts of active species (Fig. 30d) . Accordingly, in addition to the superoxide radical ($O 2 -), hydroxyl radical ($OH), photogenerated holes and electrons, it is suggested that the singlet oxygen should also be carefully investigated to accurately obtain the main reactive oxidation species for various photo-degradation experiments Fang et al., 2017; Liu et al., 2017d) .
Apart from the determination of ROS, in investigating the photocatalytic degradation of organic pollutants with complex molecular structures, it is often necessary to identify key organic intermediates in order to fully elucidate the reaction mechanisms. This can be achieved by conducting high-performance liquid chromatography (HPLC) with tandem mass spectrometry (MS/MS) analysis, which can qualitatively and quantitatively determine the organic intermediates even at trace concentrations (Lu et al., 2016a; Zhu et al., 2016a) . For example, An and coworker investigated the intermediates during the photocatalytic degradation of acyclovir, an antivirus drug, by using HPLC/MS/MS, and six major products were identified. Combing with the quantum chemical calculations of three important products, they successfully proposed three predominant degradation pathways for $OH-initiated degradation of acyclovir (Fig. 31) , highlighting the importance of identifying the intermediates in proposing the exact photocatalytic degradation mechanism. Additionally, the identification of the final products from complete mineralization of pollutants, such as CO 2 and H 2 O, is also crucial for proposing the complete mechanism. Particularly, the CO 2 generation should be carefully evaluated in designing and optimizing the different photocatalytic degradation systems (Zeng et al., 2015) .
Conclusions and perspectives
In summary, this review highlights the fundamentals on the photocatalytic degradation reactions and the key physicochemical properties of semiconductors in the photocatalytic degradation systems, including charge carrier dynamics, selectivity, stability, adsorption and photodegradation kinetics of reactants. More importantly, approaches to elucidating the reaction mechanisms are thoroughly discussed, including investigation of O 2 -reduction properties and identification of reactive species and key intermediates. All these factors are crucial for designing and fabricating advanced photocatalysts for the degradation of pollutants. To date, despite the considerable progress achieved in recent years, there are still many challenges in rationally designing photocatalytic degradation systems for practical environmental remediation and deeply understanding the underlying photocatalytic enhancement mechanism. On the one hand, considering the practical application in the degradation of pollutants, the selectivity and stability of photocatalysts should be carefully tuned through suitable modification strategies, which could significantly increase the long-term efficiency and lower the cost of photocatalytic pollutant degradation systems. Furthermore, although the photodegradation kinetics have been widely reported, the adsorption kinetics and isotherms of reactants are generally neglected, which, as the basic data, are desirable for designing better photocatalysts. Additionally, the composition-structure-performance relationships of photocatalysts are worthy of in-depth study to gain enough information for photocatalyst design. Accordingly, it is of great significance to synergistically tune and control the photocatalytic activity, selectivity, long-term stability and adsorption performance of photocatalysts.
On the other hand, there are few reports about the manipulation of the transient charge transfer kinetics Band levels of CuO, Fe 2 O 3 and ZnO and the standard redox potentials of singlet oxygen, superoxide, and hydroxyl radical (Zhao et al., 2017) . across the semiconductor interface, which should be thoroughly evaluated by time-resolved fluorescence decay or transient absorption spectroscopy in future, in order to better understand the key efficiency-limiting step. At this point, deep insights into the charge transfer kinetics may offer new directions for designing and optimizing photocatalysts for pollutant degradation. Besides charge carrier dynamics, the investigation of O 2 -reduction properties and identification of reactive oxidizing species and key intermediates are also fundamentally crucial for understanding the underlying photocatalytic degradation mechanisms, thus achieving the excellent control of highly effective reaction pathways for targeted products. Additionally, the modeling by density functional theory (DFT) of the degradation of pollutant molecules will also provide many powerful evidences for the exact degradation mechanism, (Armakovic et al., 2015; Guerin et al., 2015; Lu et al., 2015; Xiao et al., 2016; Tang et al., 2017b; Wang et al., 2017d) which should be paid more attention in future.
Finally, after all these challenges have been resolved, it is expected that high-performance photocatalytic degradation systems could be readily constructed and applied for practical environmental remediation. Moreover, photocatalytic pollutant degradation could potentially be coupled with other technologies, such as biodegradation (Shan et al., 2017) , bioelectricity generation (Jiang et al., 2016) , room-temperature oxidation (Yan et al., 2016; Zhu et al., 2016b; Duan et al., 2017; Zhu et al., 2017c) , CO 2 reduction (Zou et al., 2016; Dong et al., 2017) and hydrogen production Kim et al., 2012b; Park et al., 2016; Wang et al., 2016b; Iervolino et al., 2017) , which will address environmental and energy issues simultaneously, thereby creating a prosperous and sustainable future for human society. Front. Environ. Sci. Eng. 2018, 12(5): 14 
